Pigeonpea is a major legume of the semi-arid tropics that has been neglected in terms of molecular breeding. The objectives of this study were to develop microsatellite markers and evaluate their potential for use in pigeonpea genetics and breeding. Two hundred and eight microsatellite loci were isolated by screening a non-enriched partial genomic library. Primers were designed for 39 microsatellite loci, 20 of which amplified polymerase chain reaction products of the expected size. Nineteen of the primer pairs were polymorphic amongst 15 cultivated and nine wild pigeonpea accessions providing evidence for cross-species transferability within the genus Cajanus. A total of 98 alleles were detected at the 19 polymorphic loci with an average of 4.9 alleles per locus. The observed heterozygosity ranged from 0.17 to 0.80 with a mean of 0.42 per locus. Less allelic variation (31 alleles) was observed within the cultivated species than across the wild species (92 alleles). The diversity analysis readily distinguished all wild relatives from each other and from the cultivated germplasm. Development of more microsatellites is recommended for future genomic studies in pigeonpea.
Pigeonpea [Cajanus cajan (L.) Millsp.] is a grain legume belonging to the Cajaninae sub-tribe of the economically important leguminous tribe Phaseoleae. The tribe Phaseoleae also contains soybean (Glycine max L.), common bean (Phaseolus vulgaris L.) and mungbean (Vigna radiata L. Wilczek; Young et al. 2003) . Pigeonpea is the only cultivated food crop of the Cajaninae sub-tribe and has a diploid genome (2n ¼ 22) estimated at about 0.853 pg (Greilhuber and Obermayer 1998) . India is the largest pigeonpea producer followed by Myanmar and Kenya (FAOSTAT data 2006) . Pigeonpea has become increasingly important in recent years because of its inherent ability to perform well under marginal input systems and to withstand a range of environmental stresses including drought.
Despite the existence of substantial variability among pigeonpea landraces and varieties for various traits, no effective molecular breeding programme has been developed to facilitate its improvement. The genetic basis of most important traits is not known and, to date, no mapping strategies have been reported. With the current interest in the genetic potential of wild relatives (Sharma et al. 2003 ) and the recent introduction of cytoplasmic male sterility (CMS) technology into cultivated genotypes (Saxena and Kumar 2003) , there is an urgent need to develop a robust set of molecular markers in pigeonpea.
Microsatellites (Tautz and Rentz 1984) , also known as Simple Sequence Repeat (SSR) markers, are DNA-based molecular markers that offer several advantages because they are reproducible, polymorphic, polymerase chain reaction (PCR)-based and readily portable within a species (Edwards et al. 1996) . Only 20 SSRs have been previously reported in pigeonpea, of which only half were polymorphic in cultivated pigeonpea germplasm (Burns et al. 2001) . In contrast, more than 1000 microsatellites have been mapped in soybean [Glycine max (L.)] (Song et al. 2004) , and several hundreds are available in chickpea (Cicer arietinum L.; Lichtenzveig et al. 2005) , common bean (Phaseolus vulgaris L.; Blair et al. 2003) and groundnut (Arachis hypogaea L.; Ferguson et al. 2004) . In this report, the isolation and characterization of additional 20 SSR markers from pigeonpea and their utilization in diversity analysis of Cajanus germplasm is described.
Materials and Methods
Plant material and DNA extraction: Genomic DNA from accession ICP 2376 of pigeonpea, Cajanus cajan (L.) Millsp., was extracted and purified as described by Oberhagemann et al. (1999) for the development of a small insert library. All genotypes used in the diversity analysis are described in Table 1 . Seeds of these accessions were obtained from the ICRISAT GenBank, India. The cultivated genotypes were selected on the basis of one representative accession from each of the major clusters (based on phenotypic analysis) across the entire diversity of pigeonpea core collection (Reddy et al. 2005) . DNA from all cultivated pigeonpea accessions was extracted using a cetyltrimethyl-ammonium-bromide (CTAB) method (Murray and Thompson 1980) with modifications as described by Mace et al. (2003) . Genomic DNA from the wild species was extracted as described by Sivaramakrishnan et al. (1997) .
Genomic DNA library preparation: About 5 lg genomic DNA were partially digested with Tsp5091 ( AATT) and size-fractioned on a 1.5% agarose gel. Fragments between 700 and 1000 bp were recovered using the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany). The vector pBluescript (Stratagene, La Jolla, CA, USA) was isolated from Escherichia coli as described by Sambrook et al. (1989) . Plasmid DNA was digested with EcoR1 and dephosphorylated using Shrimp Alkaline Phosphatase (Roche, Mannheim, Germany). Recovered pigeonpea DNA fragments were ligated into the vector, precipitated and transformed into DH-10B cells (Invitrogen, Carlsbad, CA, USA) by electroporation at 1.8 KV/cm. Transformed cells were incubated at 37°C for 1 h with vigorous shaking at 250 rpm before culturing on X-Gal/IPTG/ampicillin LB-agar plates for blue/white selection.
White clones were carefully scraped with sterile toothpicks and used as templates for colony PCR using T7 and T3 primers in a total volume of 25 ll. Each PCR contained 5 pmol of dNTP, 0.4 lM of each primer, 1.5 units of Taq polymerase, 1.6 mM MgCl 2 and 1X buffer (Invitrogen). Clone insert lengths were confirmed through 1.2% agarose gel electrophoresis using 5 ll of PCR product. Selected colonies were PCR amplified and subjected to 1.2% agarose gel electrophoresis at 100 V for 1 h. The DNA was denatured by incubating the gel for 30 min in 0.4 M NaOH and then transferred overnight on to Hybond N + filters (Boehringer-Mannheim, Mannheim, Germany). The filters were air dried and DNA covalently crosslinked using Stratalinker (Stratagene, Heidelberg, Germany) at 1200 lJ · 100. The filters were further dried at 80°C for 1 h and stored aseptically at room temperature.
Library Screening and sequencing: Synthetic oligonucleotide repeats (CA) 15 , (CT) 15 , (AAT) 10 , (GCC) 10 , (CAA) 10 (Qiagen) were endlabelled with c-( 32 P) dATP using T4 polynucleotide kinase (New England Biolabs, GmbH, Frankfurt, Germany) (Sambrook et al. 1989) . The membranes were prehybridized for 2 h in 10X SSPE (0.18 M NaCl, 0.01 M NaH 2 PO 4 , 0.001 M Na 2 EDTA), 100X Denhardt's (2% bovine serum albumin, 2% Ficol, 2% polyvinylpyrrolidone) solution, 20% sodium dodecyl sulphate (SDS) and 100 lg/ml of herring sperm DNA to minimize unspecific binding. Hybridization was carried out for 16 h using a similar buffer to that in prehybridization but this time incorporating the labelled oligonucleotides. The temperatures were maintained at 63°C for (CA) 15 and (CT) 15 , 65°C for (GCC) 10 , 55°C for (CAA) 10 and 43°C for (ATT) 10 . Posthybridization washes were carried out in two steps at 40°C with stringent Saline Sodium Citrate (SSC) buffer washes. The filters were exposed to X-ray films (Eastman Kodak Company, Rochester, NY, USA) with intensifying screens overnight and thereafter processed using a Kodak M35A X-OMAT automated processor.
Positive clones were purified for sequencing using EXOSAP (Amersham Biosciences, Freiburg, Germany) according to the manufacturer's instructions. Approximately 25-50 ng of each amplicon was used as a template for DNA sequencing. DNA sequences were determined by the Max-Planck Institute for Plant Breeding Research DNA core facility (ADIS) on Applied Biosystems (Weiterstadt, Germany) ABI Prism 377, 3100 and 3730 sequencers using Big Dye-terminator v3.1 chemistry. Applied Biosystems supplied premixed reagents. A total of 208 genomic DNA clone inserts were sequenced in both directions using T7 and T3 (Metabion Martinsried, Germany) primers.
Sequence analysis and primer design: All raw sequences were trimmed using SEQUENCHER v4 (Gene Codes Corp, Ann Arbor, MI, USA) software and redundant sequences determined using CAP3 (Huang and Madan 1999) . Simple Sequence Repeat Identification Tool (SSRIT; Temnykh et al. 2001 ) was used to identify SSRs present in all non-redundant sequences. Primers were designed for each SSR locus using PRIMER 3 (Rozen and Skaletsky 1998) and confirmed using NETPRIMER (http://www.premierbiosoft.com/netprimer/index.html). Thirty-nine primer pairs were designed and synthesized by GENOMECH-ANIX (Florida, USA).
PCR optimization and amplification: Polymerase chain reaction conditions were optimized for each primer pair using a modified Taguchi method (Cobb and Clarkson 1994) as described by Buhariwalla et al. (2005) . Three concentrations each of primer (0.2, 0.3 and 0.5 pM), Mg ++ (1.0, 1.5 and 2.0 pM) and enzyme (0.2, 0.3 and 0.5 U), and two concentrations each of DNA (5 and 10 ng) and dNTP (0.1 and 0.15 mM) were varied across five different (Table 2) . Amplifications were performed in a final volume of 10 ll with 1X reaction buffer (BioLine, London, UK). Three different programmes of ÔTouchdownÕ PCR (Don et al. 1991 ) with base annealing temperature ranging from 55 to 45°C, 60 to 55°C, and 65 to 60°C and optimum annealing temperatures of 48°C, 56°C and 59°C, respectively, were used to reduce spurious amplification. PCR products were separated on 6% non-denaturing polyacrylamide gels for 3 h at 600 V and visualized by silver staining. All amplifying SSR markers were named following the nomenclature by Yu et al. (2000) and screened across all genotypes listed in Table 1 .
Statistical analysis:
The presence or absence of each band was determined and designated Ô1Õ if present and Ô0Õ if absent for each genotype. Markers that produced the expected size (100-500 bp) of amplification product were recorded and the polymorphism information content (PIC) calculated as described by Botstein et al. (1980) using the formula:
where p i equals the frequency of the ith allele and p j the frequency of the (I + 1)th allele. Only data from polymorphic SSR loci were used for diversity analysis. Genetic similarities between any two genotypes were estimated according to Nei and Li (1979) . All 24 genotypes were clustered with the Unweighted Pair Group Method using arithmetic average (UPGMA) in the SAHN procedure of the NTSYS-PC v2.10t (Rohlf 1994) .
Results

Sequence characterization
A total of 753 colonies were screened, of which 208 positive clones were detected after hybridization and sequenced in both directions. The average length of these sequences was 963 bp. Forty-eight unique SSRs were identified including dinucleotide, trinucleotide, tetranucleotide and hexanucleotide repeats (Table 3). Twelve of the 48 sequences had insufficient flanking regions for primer design, reducing the number of sequences to which primers could be designed to 36. Thirty-nine primer pairs were designed with three sequences containing two different SSR motifs. Five of the motifs identified were tetranucleotides and hexanucleotides even though these were not probed for. The longest repeat motif was an AT with 17 uninterrupted repeats. The average number of repeats was 10 for dinucleotide, five for trinucleotide, and four each for tetranucleotide and hexanucleotide repeats. Most of the microsatellite motifs were perfect repeats except three dinucleotide repeats.
Most amplifying SSR markers in this study required very low primer concentrations providing optimum amplification through either reaction 1 or 2 (Table 2 ). Both reactions 1 and 2 made use of only 0.2 pmol (the lowest primer concentration) of primer while reaction 2 used double concentrations of DNA, Mg ++ and dNTP. The ÔTouchdownÕ programmes at 55-45°C and 65-60°C were not useful as they only amplified three and two primers, respectively. Increasing DNA concentrations without varying primer and enzyme concentrations was enough to improve amplification, provided Mg ++ and dNTP concentrations were proportionately increased. All the primer sequences that amplified expected products and the respective optimized PCR conditions are shown in Table 4 .
SSR marker analysis of diverse pigeonpea germplasm
Twenty primer pairs, all amplifying no more than two bands when tested on accession ICP 2376, were selected to assess polymorphism in 15 cultivated and nine wild pigeonpea relatives (Table 1 ). All markers detected at least one allele in all genotypes tested suggesting transferability for all markers across the genus. Nearly all amplifying SSR markers detected polymorphisms amongst the 24 diverse accessions (except CCtta001; Table 5 ). For the 20 SSR loci, a total of 98 alleles were amplified with an average number of 4.9 alleles per locus. The PIC value ranged from 0.17 to 0.80 with five SSR markers having a PIC value more than 0.5 (Table 5 ). Most of the polymorphic SSR loci contained dinucleotide (35%) and trinucleotide (50%) repeats and only three (15%) had tetranucleotide and hexanucleotide repeats.
Less genetic variation ( Fig. 1) was detected within the cultivated species, with only nine markers detecting polymorphism and a total of 31 alleles. The average number of alleles was 3.4 with an average PIC of 0.39 per locus. Loci CCat002, CCtta002, CCtacccg001 and CCgtt001 contained five unique alleles out of the 31 alleles detected in cultivated species. Two of the unique alleles were from locus CCtta002 and were only found in the landrace accession ICP 13575. Expectedly, there was substantially more variation within the wild species ( Fig. 1) with 19 polymorphic loci and 92 different alleles. The average number of alleles was 4.8 with an average PIC value of 0.60. A total of 56 alleles were unique to the wild species.
Data from all the polymorphic SSRs (19) were used for diversity analysis of the 24 Cajanus genotypes. Within the landraces studied, ICP 7543 and ICP 14144 showed the highest genetic similarity (98%) even though the two landraces were collected from India and Jamaica, respectively. This level of similarity could be indicative of germplasm exchange between Dinucleotides  AT  10  8  3  3  TC/TG  11  6  3  3  TA + TG  1  1  1  1  Trinucleotides  TTA  11  10  5  4  CAT/CAA  4  4  3  3  GGT/GGA  3  3  1  1  GGC/GCC  3  2  1  1  Tetranucleotides  CCTC  1  1  --GAAA  1  1  --TTAT  1  1  1  1  Hexanucleotides  TACCCG  2  2  2  2  Total  48  39  20  19   1 Simple Sequence Repeats (SSRs) polymorphic in both cultivated and wild accessions. N a c, number of alleles in cultivated genotypes; N a w, number of alleles in wild relatives; N a c + w, total number of alleles in both wild and cultivated; PIC, polymorphism information content; PIC c , PIC for cultivated genotypes; PIC w , PIC for wild relatives; PIC c+w , total PIC for both wild and cultivated; SSR, Simple Sequence Repeat.
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the two geographical regions. The smallest genetic distance and hence the largest similarity coefficient among the various species of Cajanus studied was between C. cajanifolius and cultivated pigeonpea. This revealed a very close relationship between the two species consistent with the results of Sivaramakrishnan et al. (2002) using mtDNA restriction fragment length polymorphic analysis. Cajanus cajanifolius has been reported as the nearest wild relative of pigeonpea (Van der Maesen 1990). Morphologically, C. cajanifolius resembles pigeonpea in all traits except the presence of a prominent strophiole (Van der Maesen 1990).
Discussion
The present study doubles the amount of pigeonpea SSR markers available which, together with those reported earlier (Burns et al. 2001) , will be useful in genetic diversity studies and ultimately for marker-assisted breeding. The identification of 6.4% positive clones compares well with results from similar studies (Squirrell et al. 2003) even though the high percentage of false positives (77%) could have been further eliminated by using longer oligonucleotide probes. Longer probes have been reported to favour the isolation of relatively long arrays and also to eliminate mismatches (Armour et al. 1994) .
Employing an enrichment process is a recommended alternative (Edwards et al. 1996 , Panaud et al. 1996 , Billotte et al. 1999 ) towards enhanced microsatellite isolation efficiency.
However, this approach suffers redundancy problems especially when PCR amplification of selected fragments is done prior to cloning (Rallo et al. 2000 , Mba et al. 2001 . Indeed, previous efforts to develop microsatellite markers in pigeonpea (Burns et al. 2001 ) did employ an enrichment process but experienced a similar efficiency level. Several other enrichment techniques are now available (Zane et al. 2002) and if redundancy could be eliminated, these procedures are likely to yield more microsatellites in pigeonpea.
The most abundant motifs in this study were AT based (AT, AAT, TTAT) followed by TC class of repeats. AT-based motifs have been reported to be the most abundant in plants (Morgante and Olivieri 1993 , Cardle et al. 2000 , Morgante et al. 2002 even though previous studies have excluded them due to the problems with self-complementarity and difficulties in amplification (Su et al. 1996) . The amplification of these motifs in the current study was greatly enhanced by optimization making them equally good sources of microsatellites. TC class of repeats have been reported to be equally abundant in other legumes (Ferguson et al. 2004 , Lichtenzveig et al. 2005 and plants in general (Wang et al. 1994) .
This study also investigated a number of factors that affect SSR amplification in order to devise an optimal PCR procedure for each primer designed. Some studies have reported that modifications in PCR conditions led to insignificant improvement in band interpretability (Ashworth et al. 2004 improved band clarity and hence ease of scoring. However, there does not appear to be any additional value in increasing primer and enzyme concentrations in as much as it is in increasing DNA concentration. The advantage of being able to optimize the enzyme and primer concentrations has great cost reduction implications for similar projects in the future. The average PIC among dinucleotide repeats was 0.48 while that of trinucleotide repeats was 0.33. There are similar reports of higher levels of polymorphism for dinucleotide repeats than trinucleotide repeats for tomato (Lycopersicon esculentum; He et al. 2003) and in avocado (Persea americana Mill.; Ashworth et al. 2004 ). Dinucleotide repeats have been reported to reside outside coding regions of genes (Temnykh et al. 2001) and are characterized with more repeat numbers (Li et al. 2004) making them the best source of highly polymorphic SSR markers. In contrast, trinucleotide repeats are more abundant in protein coding regions (To´th et al. 2000) with relatively small repeat numbers and total length (Thiel et al. 2003) . Despite their frequent polymorphism, the use of dinucleotide repeats may be limited by the occurrences of stutter bands in the amplification products that may lead to incorrect scoring of alleles (Ashworth et al. 2004 , Wang et al. 2005 .
Although longer repeats have been linked to higher degrees of polymorphism in the past, this new study did not find any clear relationship in this respect consistent with reports in common bean (Yu et al. 2000) . Theoretically, the number of repeats is correlated with the mutation rate (Li et al. 2002 ) meaning more recently evolved microsatellites would have fewer polymorphisms because of fewer occasions for mutations even if they have longer repeats (Budak et al. 2003) . While other studies (Budak et al. 2003 ) have discarded SSRs with <10 repeats, some of the shortest SSRs (four repeats) in the current study were highly polymorphic detecting up to 10 alleles per locus.
Transferability of all markers tested across all species screened was 100%. The amplification of SSR loci across species of the target genus appears to be widespread in plants (Moretzsohn et al. 2004 , Wang et al. 2004 , Zou et al. 2004 ). The possibility of using the same microsatellite flanking primers in more than one species is encouraging in view of the efforts and expense involved in designing them. Results also demonstrate that pigeonpea SSRs will be a valuable source of molecular markers for analysing the relatively unknown Cajanus gene pool and for studying gene introgression between the various species.
The allelic variation observed at microsatellite loci varies greatly between different plant species. Previous diversity analysis of cultivated pigeonpea species reported a range of 2-5 alleles per locus for 10 polymorphic loci (Burns et al. 2001) , which is comparable with the present study. This is relatively lower than in other legume crops such as soybean (11-26 alleles per locus; Rongwen et al. 1994) . Ninety-eight different alleles have been observed for the 20 loci with over 50% of alleles (56) unique to wild species. The low genetic variability amongst cultivars when compared with the wild suggests that natural and artificial selection has contributed to the selection of specific alleles and to changes of allelic frequencies at specific loci. Similar findings have been reported in groundnut (Moretzsohn et al. 2004 ) and mulberry (Morus L.; Zhao et al. 2005) .
The UPGMA dendrogram (Fig. 1) obtained by the analysis of these SSR data suggests their potential use in diversity analysis. The current results clearly demonstrate that pigeonpea SSRs constitute efficient sources of molecular markers for other Cajanus species. With the ongoing breeding emphasis on development of hybrid pigeonpea using a source of CMS derived from wild species (Saxena and Kumar 2003) , the markers developed here and previously by Burns et al. (2001) will be useful for confirmation of hybridity at an early stage and preliminary mapping of fertility restoration genes. Nevertheless, future studies should incorporate the use of several accessions within each species.
